Summary: Spectral editing techniques and localization of IH signals were applied to monitor lactate accumulation in a circumscribed region of brain damage. The experi ments were performed at 2.35 T (100 MHz) in a 40-cm bore magnet. Following unilateral craniectomy in anes thetized adult cats, a two-turn surface coil was positioned over the dural surface. Proton spectra were obtained be fore and 1-5 h after production of a cortical cold lesion from three curved shells of brain tissue, each �3 mm thick. The localized spectrum was obtained from each re gion with and without spectral difference editing for the lactate CH3 protons, but always with the maximum exci tation produced by the semiselective binomial pulse cen tered on the lactate CH3 resonance. Region 1 represented the damaged area, Region 2 was located immediately below Region 1, and Region 3 was immediately below Region 2. Spin-echo magnetic resonance imaging was used to confirm the relationship between the location of the lesion and the regions from which the spectra were obtained. Spectra obtained without lactate editing showed, in addition to the N-acetylaspartate peak, a
In vivo nuclear magnetic resonance (NMR) spec troscopy is rapidly becoming an important nonin vasive method for investigations of brain metabo lism. When used in conjunction with a measure ment of brain function (e. g. , EEG), it enables an analysis to be made of the correlation between brain metabolism and function. Moreover, it allows this correlation to be obtained from the same an-large lactate peak in Region 1 after production of the cold lesion. In Regions 2 and 3, changes in lactate were more difficult to assess owing to the presence of a lipid peak at a similar frequency that results from incomplete suppres sion by the spin-echo pulse sequence alone. Spectra ac quired using lactate editing did not contain the lipid peak and clearly showed relatively small lactate accumulations in Regions 2 and 3. Examination of signal intensity pro files through brain images upon which the region of spec tral acquisition was highlighted revealed a good consis tency between the position of the spectral acquisition re gion and the appearance of a lactate peak in the spectra. Our results demonstrate that spectrally selective, local ized IH spectra can be obtained for the in vivo evaluation of changes in a single resonance, in this case lactate, which are associated with focal surface lesions of the brain. Moreover, by utilizing a combination of localized spectroscopy and imaging, the anatomical content of the region of spectral acquisition is known. Key Words: Brain lactate-Cold lesion-Localized proton spectroscopy Magnetic resonance imaging-Spectral editing.
imal during both induced insults and the subse quent recovery period.
To date, attention has focused primarily on sur face-coil 3 1p spectroscopy, and it is now well estab lished that in vivo alterations in brain energy me tabolism, reflected in the changes in the AT P, phos phocreatine (Per), and Pi peaks, can be closely monitored. Additional important data, namely, values of the tissue intracellular pH, can be derived from 3 1p spectra by evaluating the pH-dependent chemical shift of the Pi peak relative to that of phosphocreatine (Moon and Richards, 1973) . In contrast, in vivo proton spectroscopy has been slower in its development and application, and only a few preliminary reports on the acquisition of in vivo 1 H spectra from the brain at a field strength suitable for human study have appeared (Behar et aI. , 1984; Behar et aI., 1985; Bottomley et aI. , 1985; ).
The acquisition of useful in vivo I H spectra re quires suppression of the relatively large signals from water and lipid. If effective removal of these signals can be accomplished by spectral editing, the smaller signals arising from tissue metabolites can be revealed. A further problem, that of controlling and subsequently visualizing the regions from which the spectral signal is acquired, is also impor tant, particularly so if the brain lesion to be studied is focal in nature, e.g., tumours, infarcts, trauma. Surface coils, through variation of their size and position, afford a degree of surface localization, but unless used in conjunction with some additional lo calizing technique, their intrinsic localization is ru dimentary. Some additional techniques employ static field gradients for producing localization, namely, (DRESS) depth-resolved surface coil spec troscopy (Bottomley et aI., 1984) , (ISIS) image-se lected in vivo spectroscopy, (Ordidge et aI., 1986) , solvent-suppressed spatially resolved spectroscopy (SPARS) (Luyton et aI., 1986) , and volume-selec tive spectroscopy (YSE) (Mueller et al., 1985) . These techniques are susceptible to spectral arte facts caused by weak, time-dependent magnetic fields due to slowly decay ing currents in the cryostat assembly. For this reason, we have chosen to evaluate the method of depth pulse sequences, which exploits the gradients in the radio frequency field to provide the localization (Bendall and Gordon, 1983; Bendall, 1984; Ng et aI., 1984; Ben dall and Pegg, 1985) . The depth pulse method does, however, have a different drawback, and that is the shape of the spectral acquisition region. This shape is that of a curved shell centred on the centre of the surface coil, a shape that makes depth pulse local ization particularly appropriate for investigating the diffuse effects radiating outward from a focal sur face lesion.
We have also incorporated editing methods as part of a depth pulse sequence and experimental details of this NMR technique have been reported elsewhere (Hanstock et aI., 1987) . This novel ap proach was used on cats to obtain edited in vivo IH spectra, which revealed only the lactate methyl proton resonance, from tissue within and adjacent to a cortical cold lesion. It was important to sup press all signals except the one in question in order to establish beyond doubt that the required metabo lite was being observed. Furthermore, we have shown that the localized region can be display-ed in a standard proton NMR image, thus proVIding veri fication of the position of the spectral acquisition volume relative to that of the lesion. The craniec tomy performed to facilitate the administration of the cold lesion does not really detract from the applicability of this localization and editing technique to intact heads. This is because the characteristics of depth pulse localization techniques can be made to inhibit signal from the surface tissues and be cause the editing for a single long T 2 metabolite, namely, lactate, which is in very low concentration in the scalp, also minimizes background concentra tion artefacts.
METHODS
Adult mongrel cats (n = 3) were anaesthetized with xylazine 2 mg/kg i.m. and ketamine 20 mg/kg i.m. and allowed to breathe spontaneously. A 12-mm-diameter unilateral craniectomy was performed over the right pari etal region. The dura was left intact and care was taken not to damage the underlying cortex during the proce dure. Following retraction of the scalp and temporalis muscles laterally, an elliptical two-turn surface coil, of major and minor axes IO and 8 mm, respectively, was positioned over the dural surface, which was kept moist by interposing a thin plastic film between the coil and the dura. The coil was fixed in position by three to four silk sutures that were attached to the skull margin via twist drill holes.
The animal was then placed in a plastic cradle and po sitioned within the 40-cm bore of a 2.35-T magnet, which was kept warm by a continuous stream of heated air. While in the magnet, the animal was kept lightly anaes thetized by periodic (30-40 min) injections of 8-IO mg/kg i.m. ketamine.
Following the acquisition of control spectra and images, a cold lesion was produced within the circumfer ence of the coil. This was accomplished by pouring liquid N2 into a small (8-mm diameter) plastic cylinder closed at one end with a thin plastic film. The closed end of the cylinder was placed in light contact with the dura. In this manner, a cold lesion -8-IO mm in diameter and 2.5-3.0 mm deep was produced directly beneath the coil. Proton spectra and images were then obtained at successive in tervals during a 4-to 5-h period and shortly after death.
Spectral editing and localization
Details of the radio frequency pulse and gradient se quences used to edit and localize the NMR spectrum, and also to display the region of acquisition on a proton image, have been provided elsewhere (Han stock et aI., 1987) . Very briefly, binomial pulses (Hore, 1983) were used in a spin-echo configuration that facilitated the sup pression not only of the water peak but also of much of the broad lipid band. Suppression of the lipid band was incomplete because of the lack of sharpness in the power spectrum of the binomial pulses. The lactate methyl proton resonance was extracted from the residual lipid signal by means of a difference method, for which selec tive inversion of the lactate CH proton was applied diifing excitation of one-half of the acquired signal tran sients. To bring about localization, the spin-echo configu ration was extended to a phase-cycled depth pulse se quence, each component of which was a binomial pulse. Spectra were obtained by signal averaging 128 transients using a repetition interval of 4 s, and the centres of the spectral acquisition regions (-3.0, 5.25, and 7.5 mm from the surface) were established by calibrating the radio fre- quency pulse lengths using a small phantom (H3P04 solu tion). The phantom was placed equidistant from the sur face coil with the required depth of the centre of the grey matter, but on the opposite side of the coil.
To display the region of spectral acquisition, two proton images were superimposed. One was obtained with an imaging radio frequency coil that circumscribed the cat head and the other was obtained with the surface coil used for spectral acquisition. The circumscribing coil image was a transverse slice in a plane intersecting the diameter of the surface coil, but corresponded to a co ronal section through the brain because of the manipula tion of the cat head. The surface coil image was obtained using the same calibrated nonselective pulse amplitudes that were used for spectroscopy, in conjunction with the same gradient strengths that were used for the circum scribing coil image. To superimpose these two images, appropriately scaled time domain data were added.
RESULTS
The objectives of this study were twofold. First, it was to establish the spatial variation in lactate concentration radiating outwards from the focal cold lesion. In the second place, it was to observe the time variation within these spatial regions. However, it was also felt necessary to check the efficacy of the lactate edited difference spectra, and
in order to do this, duplicate spectra were obtained from each of the successive depth regions without spectral difference editing of the lactate peak. To step between successive depth regions, with Re gion 1 being the most superficial and Regions 2-3 representing progressively deeper layers, the radio frequency pulse length was incremented between previously established calibrated values. Spectra were obtained for each region immediately prior to the induction of the lesion, again between 1 and 2 h after and also between 4 and 5 h after induction. The same procedure was adopted and similar re sults were obtained in all three animals. The data shown in Fig. 1 are spectra acquired without lactate editing. Before induction of the cold lesion in this animal, only the N-acetylaspartate (N-AcAsp) peak was observable. However, at 1-2 and 4-5 h after production of the cold lesion, a large lactate peak at 1.32 ppm was present in addition to the N-AcAsp peak in the spectrum from Region 1. In Regions 2 and 3, there appeared to be small increases in lac tate, but this was difficult to assess owing to the presence of a residual lipid peak at a similar fre quency. Notwithstanding the dramatic and obvious increase in lactate relative to N-AcAsp in the re- gion containing the lesion, the apparent changes in the N-AcAsp peak itself, particularly prior to in ducement of the lesion, deserve comment. The ap parent variations occurring in N-AcAsp are ex pected to be spectroscopic in origin rather than real and they emphasize the need in the design of in vivo NMR experiments to either incorporate inten sity standards or work in terms of intensity ratios. Figure 2 displays difference spectra acquired with lactate editing, which do not exhibit the lipid peak and clearly show the relatively small lactate accu mulations in Regions 2 and 3. Note that the N AcAsp peak is also removed by the difference tech nique. Two additional features of the lactate accu mulation are evident in Fig. 2 : The lactate peak increased in size with time (Regions 2 and 3) and decreased with increasing distance from the lesion. Further confirmation that localized changes in lactate were being observed was provided by the unedited spectra acquired from Regions 2 and 3 after death of the animal. Figure 3 shows that, rela tive to N-AcAsp, the expected large postmortem increases in the lactate peaks appeared in these re gions.
The images and the profiles shown in Fig. 4 dem onstrate the correspondence between the position of the lesion and Region 1 for the animal whose spectra are shown in Figs. 1-3 . The image and the profile of Fig. 4a were both obtained using the imaging radio frequency coil that circumscribed the cat head. The profile shows the intensity variations along the line shown in the image. Figure 4b , on the other hand, shows an image that arises from the su perposition of images acquired, first with the cir cumscribing coil and second with the surface coil but using the pulse parameters employed for spec tral acquisition. The intense region in the profile of Fig. 4b shows that the spectral acquisition region (Region 2) overlaps with the location of the lesion. The profile shown corresponds to the surface coil image alone, for clarity. Figure 5 compares the profile of Region 1 (Fig.  5a ) with those of Region 2 (Fig. 5b) and Region 3 (Fig. 5c) . It can be seen that the location of the centre of these regions moves deeper into the tissue and away from the cold lesion. The attenuation of the profile amplitude reflects the decrease in sensi tivity of the surface coil at greater distances from its plane. When acquiring spectra, this decrease in sensitivity is offset by the increase in volume inter rogated as the radius of the curved region in creases. This does mean, however, that absolute intensity comparisons between different depths must be treated with caution. Comparisons of in tensity ratios are nevertheless quite valid.
DISCUSSION
The results of our study further confirm that in vivo changes in brain lactate can be measured by IH spectroscopy at field strengths suitable for human studies. Moreover, we have improved the technique in two important ways. First, by com bining editing methods with depth pulses, the edited IH spectra were obtained from highly local ized regions. This approach permitted the assess ment of lactate accumulations associated with a focal surface lesion of the brain. Second, the lactate editing obtained by difference spectroscopy re moved the residual lipid signal effectively. This en abled a more accurate assessment of the small in creases in the lactate peak in one particular region over the course of time.
The areas of the resonance peaks are propor tional to the number of nuclei producing the signal.
It must be emphasized that in practice, however, quantification of metabolite concentrations is a haz ardous exercise for a number of reasons. The volume of the tissue regions can be only roughly estimated from the images, and moreover the signal strength is not entirely homogeneous over the re gion. Furthermore, only freely mobile metabolites are measured, excluding those that have limited molecular freedom due to binding to membranes or macromolecules. Nevertheless, a change in the peak area for any given metabolite in spectra ac quired under the same conditions does reliably re flect a proportional change in its tissue concentra tion. Thus, serial comparisons of a given metabolite from the same region can be considered to provide a meaningful measure of fractional changes in con centration.
The increases in lactate that we observed within, and adjacent to, the cold lesions have been simi larly demonstrated (Frei et aI., 1973; Sutton et aI., 1980) utilizing in vitro biochemical measurements on excised brain samples. When the spectral acqui sition region was relocated to deeper tissue outside the lesion, small but definite lactate CH 3 peaks were seen, which decreased in size with increasing distance from the lesion. The spectra obtained without using the homo nuclear decoupling differ- Spin·echo images and signal intensity profiles from the cat brain obtained using circumscribing coil (a) and combined circumscribing coil/surface coil (b) arrangements for the superficial Region 1. The data were acquired using a repetition time (TR) of 2 s and spin-echo time (TE) of 71.8 ms for (a) and a TR of 2 s and TE of 23.6 ms for (b). In addition, 128 phase-encoding steps, each with two averages, were acquired. The approximate depth of the lesion for an equivalent slice that was obtained in the image was determined from histological studies following the experiment.
ence technique, however, seemed to show an in crease in the size of the peak in the spectral region of the lactate CH3 resonance at greater distance from the lesion. Such an uncertainty illustrates the importance of the editing techniques that we ap plied to achieve complete removal of the lipid signal. Proton imaging was found to be a useful adjunct to localized spectroscopy. The images serve a number of purposes. First, the standard multiple spin-echo image demonstrates the presence, size, and location of the lesion. With this information, placement of the surface coil so that its axis passes through the centre of the lesion is greatly simpli fied. Because of the planned correspondence be tween the surface coil and the lesion in this study, surface coil adjustment following imaging was un necessary. Nevertheless, it would be necessary in clinical studies. Second, by superposition of the surface coil image on the whole brain image, direct assessment of the location of the acquisition volume and of its juxtaposition with the lesion can be made from intensity profiles; i.e., the anatomical contents of the spectral acquisition volume are known. Finally, acquisition of quantitative imaging data, such as in vivo relaxation rates, can be re stricted to the same regions from which spectra are obtained.
It is widely suspected that ischemic and trau matic brain tissue damage is at least partly due to severe lactic acidosis (Rosner and Becker, 1984; Rehncrona, 1985) . However, it is difficult in an imals, and virtually impossible in humans, to deter mine the temporal alterations in resolution of brain lactic acidosis in relation to tissue function by using conventional biochemical techniques. The present study demonstrates that in vivo 'H spectroscopy enables the serial noninvasive localized measure- ment of changes in lactate to be made in definable surface regions of the brain of the same experi mental subject. Thus, it provides a powerful tech nique for elucidating the role of increased lactate in the tissue adjacent to experimental focal surface le sions. A further advantage of this technique is its suitability for use in human studies.
